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Understanding the physics of quantum many-
body systems and exploiting their applications
poses some of the most outstanding challenges
in modern physics. Although the quantum-phase
characterizing of a closed many-body system has
advanced with experimental techniques, compar-
atively little is known on the nonequilibrium
phases. This is especially true for optical ex-
periments of an open quantum system, where a
strongly coupled many-body ensemble is driven
far from equilibrium by an electromagnetic field
and subject to dissipation [1–3]. Here we ex-
perimentally demonstrate a dynamically unstable
phase in a high-concentration erbium doped yt-
trium orthosilicate crystal (Er:Y2SiO5) when the
sample is driven by a continuous-wave laser. The
results expand the observation of the phases of
laser-driven systems to the dynamic nonequilib-
rium regime, the underlying mechanism of which
is closely related to the photon blockade in Ry-
dberg atoms [4] and of particular relevance for
quantum gate-operation schemes based on sto-
ichiometric rare-earth ion crystals [5]. Beyond
this, the developed model is sufficiently general,
and thus consists of an interesting material to uti-
lize the laser-driven many-body system for quan-
tum applications.
Due to the complexity of the competing processes in
the laser-driven quantum many-body systems, rich col-
lective phenomena are expected. However, only a limited
number of nonequilibrium phases have been revealed pri-
marily due to the lack of experimentally-distinguished
cooperative behaviours. In this aspect, rare-earth doped
crystals are great platforms. These solid-state materials
feature extremely long optical and spin coherence times,
as long as 6.4 ms [6] and 6 hours [7], respectively. As the
concentration increases, the interactions between dopant
ions [8] lead to a shift of the resonance frequency of neigh-
bouring ions when an optically active center is excited.
The ion-ion interaction is usually considered, for many
applications, to degrade the performance of a system,
since the frequency-shifted ions acquire different phases
over time and thus decohere. This is commonly referred
as instantaneous spectral diffusion [9–12]. As a result of
the interactions, a phase that is known as intrinsic op-
tical bistability[13] was first identified in rare-earth ion
ensembles [14–16] and recently observed in Ryberg atoms
[17]. Instead of stable or bistable, we here identified
a new dynamically-unstable phase [18] in transmission
measurements when using a strong continuous wave laser
to drive a 1000 ppm Er:Y2SiO5. What is more, if the op-
tical path-length is increased by reflecting the light from
the end surface and passing the sample twice, transient
net gain is observed.
Two distinct experimental configurations were used
(shown in Fig. 1), which consisted of a direct trans-
mission measurement and a double-pass experiment. For
the direct transmission measurements, when the laser fre-
quency fl (frequency relative to the absorption line cen-
ter, see Method Section 1) was off resonance from the
erbium absorption, the detected signal when the laser is
switched off at t = 0 ms is, as expected, a step func-
tion (orange line in Fig. 1(b)). However, as the laser
frequency was tuned on resonance, a threshold power
could be reached beyond which the detected signal be-
came dynamically unstable, as shown by the blue line in
Fig. 1(b). This instability of the transmitted light was
directly observable by eye when viewed on an infra-red
detector card (Thorlabs VRC2).
The observed instability was considerably more obvi-
ous if the light was reflected back and passed the sample
twice, as shown in Fig. 1(c) and (d). The measured re-
flection signal (blue line in Fig. 1(d)) became unstable
after a delay τ = 2.2 ms and at some times even jumped
above the orange line. This means that for some specific
moments the output intensity of the unstable state can
be stronger than its input (Detailed analysis in Method
Section 2). To put this another way, after double passing
the sample the input light was amplified in some random
short-periods and the system itself manifested transient
net gain.
To understand the mechanism of the instabilities, we
first turn to Fourier space to analyse how fast the signal
oscillates and estimate the dynamic range of the system.
Shown in Fig. 2(a) are the spectra of the signal from
the photodetector of different fl for the double-pass ex-
periments. When fl is far from the erbium absorption,
there is no instabilities and the spectrum features a sharp
peak near zero-frequency. When fl is on resonance and
the detected signal becomes unstable, the correspond-
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FIG. 1. Experimental setup and dynamical instabilities. (a)
A render of the direct transmission measurement. A laser is
incident from the left side and hits a detector on the right.(b)
Measured transmitted signal corresponding to setup (a). The
incident light is switched on at t = 0 ms. Orange: transmis-
sion curve when the frequency of input laser is far from the
erbium absorption band, fl = 16.53 GHz, and Pin = 27.9 mW;
Blue: transmission curve when the laser frequency is on res-
onance with the erbium atoms, fl = −0.34 GHz and Pin =
26.8 mW. (c) A render of the double-pass measurement. A
beam splitter is used to guide the reflected light to our de-
tector.(d) Measured reflected signal corresponding to setup
(c). Orange: data for off-resonance fl = 72.85 GHz and
Pin = 14.6 mW; Blue: data for on-resonance fl = 0.41 GHz
and Pin = 14.6 mW. Again, the laser is switched on at t = 0.
Characteristic parameter τ is defined as the delay between
the moment when the laser is switched on and the moment
when instabilities arise.
ing spectrum is broadened with a cut-off frequency up
to O(50 MHz). Such a high-frequency response indicates
that low-frequency effects, such as mechanical vibrations
or thermal expansions, cannot be responsible for the ob-
served instabilities. Shown in Fig. 2(b) is a stochas-
tic distribution of the measured intensity. The orange
dashed line in Fig. 2(b) shows the estimated input in-
tensity. Instead of being a δ function as a steady output,
the unstable data shows a broad distribution with a max-
imum likelihood located at the intensity of 0.7. From the
tail of the distribution, one can tell that there is a small
chance that the detected signal can surpass the input.
Figure 3 shows the dependence of the instabilities on
the laser frequency fl and the input power Pin. Figure
3(a) are the measured and fit inhomogeneous absorption
lines of our sample. Over the range of the inhomogeneous
line, the threshold of the instabilities were measured, i.e.,
the minima of Pin for instability to occur at a given fl;
this is shown in Fig. 3(b). Within the limit of the power
of our laser, instabilities could only be observed in the
range −1.57 ≤ fl ≤ 1.23 GHz. Although this range
matches the inhomogeneous linewidth of absorption, it
should be noted that the instabilities are not the result
of a large optical depth. This can be confirmed by apply-
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FIG. 2. Data analysis of the double-pass experiment. (a)
Spectral analysis of signals from the detector. Orange: fl =
22.93 GHz, off resonance; Blue:: fl = 0.45 GHz, on resonance.
Pin = 12.9 mW. (b) Stochastic intensity distribution for fl =
0.45 GHz and Pin = 12.9 mW. The sampling interval is 250 ns,
and the total sampling time is 200 ms. The x axis is the
voltage values from our detector, and the y axis is the event
counts. The orange solid line shows that the distribution
of the output of an off-resonance laser fl = 21.03 GHz and
Pin = 12.9 mW is constant. The orange dashed line is the
estimated input for the blue distribution.
ing a magnetic field to our sample. Due to the Zeeman
effect, four absorption peaks can be observed and two
of them were measured to have an optical depth larger
than five (See Methods). In this case no instability was
observed, in contrast to the results shown in Fig. 3(a)
and (b) where an optical depth ∼ 1 coexisted with op-
tical instabilities. Note that similar measurements were
performed on our 10 ppm and 50 ppm samples and no in-
stabilities were seen. We thus concluded that the number
of ions (instead of optical depth) and the energy struc-
tures are both crucial for the instabilities.
In addition, the dependences on fl and Pin also indi-
cates that ions in the ground and excited state played
different roles. As shown in Fig. 3(c) and (d), depending
on the fl and Pin, it took a varying τ to establish an
instability. For a strong Pin less τ is needed to build up
an instability, which implies the important role of the ac-
cumulation in the excited state. More evidence is shown
in Fig. 3(e) and (f). In the experiment, two subsequent
laser pulses were input to the sample; between the two
pulses there is a waiting time Tw to allow the excited
ions to repopulate. If Tw is short and the ions excited by
the first pulse remain unchanged, the second pulse takes
less time to establish an instability, and τ2 and τ1 of the
two pulses thus show a difference that depends on Tw.
It takes about ∼10 ms to eliminate the effect of the first
pulse, which is consistent with the 11 ms lifetime of the
excited state.
The fact that optical centers in the excited state can
lead to nonlinear effects is well know for optically dense
materials [19–21]. In the case or rare earth ions, because
ions in the ground and excited state have different elec-
tric or magnetic dipole moments, if one ion is optically
excited, the local electric or magnetic field of surrounding
ions is changed and their optical resonant frequencies are
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FIG. 3. Dependencies on input power and frequency of the
double-pass experiment. (a) Optical absorption of the sam-
ple. Cross points: measured data using low power laser input.
Dashed line: a Gaussian fit. According to our fitting, the in-
homogeneous absorption line has a linewidth of 2.5 GHz, and
a maximum optical depth of 12. The signal near the absorp-
tion center became less measurable due to the large optical
depth and the low input power (high input power will gener-
ate instabilities); the derived optical depth is therefore noisy.
(b) Power Threshold as a function of laser frequency. (c) Typ-
ical measured data of different laser powers and frequencies.
Blue: fl = 0.00 GHz, Pin = 7.8 mW; Orange: fl = 0.00 GHz,
Pin = 4.7 mW; Yellow: fl = −1.39 GHz, Pin = 7.8 mW. (d)
Delay τ as a function of Pin for different fl as noted. (e)
Schematic of input laser sequence. The duration of the two
driving pulses is 20 ms. The τ of the two pulses is written
as τ1 and τ2, and the waiting time between the pulses is Tw.
(f) Measured τ2 − τ1 as a function of Tw. Fitting of the data
shows a time constant of 13.8 ms. The input laser is set at
fl = 7.64 GHz and Pin = 13.3 mW.
shifted as a result of Stark effect or Zeeman effect [10, 11].
This, in turn, affects the absorption of incident light and
behaves as a feedback. Such an excitation-induced fre-
quency shift is significant only if the separation between
ions is small because the interaction falls off as the inverse
of the cube of separation. For our 1000 ppm Er:Y2SiO5
the distance between two nearby erbium ions is about
4 nm. In such a case, erbium ions with electron spins
can lead to a O(10 MHz) magnetic dipole-dipole inter-
action. Beside this, erbium ions in Y2SiO5 also possess
an electric dipole moment, but the coefficient of linear
Stark shift at 1.5µm of Er:Y2SiO5 is still to be measured.
Noting that Er3+ in LiNbO3 has a Stark coefficient of 15
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FIG. 4. A model for the instabilities. (a) Microscopic de-
scription and energy level Configuration. Ions that sit in their
ground (excited) state are symbolized by open (filled) circles.
The average distance of randomly distributed site-1 erbium
atoms is approximately 4 nm. Without applied magnetic field,
the degeneracies of both ground states and excited states are
assumed to be split by the erbium-erbium interactions. (b)
Calculated populations of the four levels for increasing driv-
ing Rabi frequency. ρ11, ρ22, ρ33, and ρ44 are indicated by
different colours as noted. The unstable regime is indicated
by the shaded area. The Rabi frequency used in calculations
agrees with our experiment conditions.
kHz · V−1cm [22] and the resultant Stark-shift of 4 nm
separation is expected to be O(10 MHz). As the mag-
netic and the electric dipole-dipole interactions could be
of the same order, it is difficult to specify which one is
more important in our Er:Y2SiO5 system. However, it is
not necessary to know the interaction details and what
is essential is the excitation-induced frequency shift.
For the ith ion, a rigorous theoretical model dealing
with this effect should sum over the contributions of
all nearby ions. Due to the complexity of many-body
system, a fully-quantum calculation is rather impracti-
cal. To obtain a basic understanding, we applied the
mean-field approximation to our system and disregard
the inhomogeneity of ions (see Supplementary Informa-
tion): (1) the spin states are slightly split by an average
magnetic field of all the nearby ions (separated by ∼
0.1 MHz), which makes erbium ions a nearly-degenerate
system with four levels, as illustrated in Fig. 4(a); (2)
the resonant frequency of the ith ion will be changed if its
nearby ions are optically excited. Thus the Hamiltonian
of an erbium ion can be written as
H = H0 +Hf +Hd,
H0 = δ2σ22 + δ3σ33 + δ4σ44,
Hf = Ωa(σ31 + σ42) + Ωb(σ41 + σ32),
Hd = ∆s(ρ44 + ρ33 − ρ22 − ρ11)(σ33 + σ44),
(1)
where H0 is the Hamiltonian of a free atom, Hf stands
for the interaction with a laser field, and Hd stands for
the ion-ion interactions [23]. Further, δi is the detuning
of the ith level, σij ≡ |i〉〈j|, Ωa and Ωb are the driving
Rabi frequencies due to different oscillator strengths, ρii
is the diagonal element of the density matrix of a single
atom, and ∆s is the excitation induced frequency shift.
Using the Hamiltonian Eq.(1) and introducing decay
4and dephasing terms into the Lindblad master equation
enables us to calculate the response of our system. Shown
in Fig. 4(b) is a calculation of the populations of the four-
level system using typical parameters of erbium atoms at
4 K temperature. An intrinsic-optical-bistability regime
exists where there are multiple population solutions for
one laser input. What is more, there is a regime where
the steady state solution for the populated excited state
becomes unstable, indicated by the shaded area in Fig.
4(b). Because an absorption measurement is directly
proportional to the population difference between the
ground state and the excited state, an unstable ρii man-
ifests itself as an unstable absorption and the measured
transmission or reflection thus becomes unpredictable as
observed in our experiment.
It is Hd that introduces a nonlinear effect to the many-
body system and gives rise to the unstable phase. A
non-negligible Hd requires a significant population in ex-
cited states and a large ∆s. The first requirement is met
by the population saturation driven by a strong laser, the
Rabi frequency of which is about 0.1 MHz. The ∆s stems
from the erbium-erbium interaction and its magnitude is
reflected on the spectrum of the unstable signal, which is
on the order of 10 MHz (the blue-line in Fig. 2(a)) and
agrees with the theoretical estimation from a 4 nm sepa-
ration. This type of nonlinearity, together with the driv-
ing field and losses, determines the temporal dynamics of
the system and causes the ion ensemble to be unstable.
The ion ensemble in turn affects the driving field through
macroscopic polarization. As the collective polarization
becomes unstable, the observed transmission or reflection
in our experiment behaves the same. Such a polarization
remains coherent with the driving laser until the excited-
state ions dephase, therefore the instability can last for
a µs scale even after the input light is off (Section IV,
SI). If the transmitted light, which is already unstable,
is reflected back to the sample within the excited-state
coherence time, the ensemble behaves as a loss or gain
medium depending on its history and the light gets ab-
sorbed more or amplified intensely. Note that the gain
in FIg.1(d) is transient and the light gets absorbed af-
ter all. However, for a non-degenerate two-level system,
even with a strong Hd dynamical instabilities are impos-
sible [18]. For instabilities to occur both non-linearity
and complexity from coupled system are necessary. This
is also why the instabilities disappeared in the aforemen-
tioned experiment where a magnetic field was applied to
split all the Zeeman levels. Clarifying the response of an
optically dense sample to light becomes increasingly im-
portant with the growing interest in quest toward a good
quantum interface between photons and matter. Our re-
sults show a new phase of optically-dense materials that
can find applications in the fields of, e.g., random number
generators, quantum gates, and chaotic lasers.
5METHODS
1. Optical measurement setup
The measurements were performed on two cylindrical
Er:Y2SiO5 samples (from Scientific Materials), which had
a diameter of 5 mm and a length of 12 mm. The sam-
ples had 1000 ppm of yttrium ions replaced by erbium
ions. The resonance frequency of the erbium ions was
at 1536 nm (195177 THz), corresponding to spectroscopic
site 1 (following the literature convention for spectro-
scopic site assignments [24]). For notational convenience,
all quoted laser frequencies fl have been subtracted by
195117.17 GHz to yield only relative frequencies.
For the direct transmission measurements, neither
surface of the sample was coated. Two lenses with a
focal length of 300 mm were placed in a confocal config-
uration. The radius of the focal spot is approximately
100 µm; therefore a O(10 mW) laser input corresponds
to a O(0.1 MHz) Rabi frequency. For the double-pass
measurements, one end of the sample was prepared with
a convex shape with a radius of curvature of 100.305 mm.
This side was coated to achieve a reflectivity of 98.8%.
The other side was flat and anti-reflection coated. For
the double-pass configuration, a single lens with a focal
length of 250 mm was used. The samples were cooled to
4.2 K using a home-built closed-cycle cryostat. A photo
detector with a response frequency of up to 300 MHz
was used to collect signals, which were then recorded
with either a digitizer or a spectrum analyzer.
2. Calibration of the input power
In order to claim a transient net gain in Fig. 1, it
is necessary to compare the detected signal with its
true input power when the laser is on resonance with
the erbium ions. However, a calibration of the laser
intensities incident on the samples, especially inside
the cryostat, can be quite challenging. Rather than
performing this calibration, we turned to estimate the
possible upper bound of the transmitted light. As
the actual light intensity incident on the sample for
different fl has a strong wavelength dependence due to
the etalon effect between the windows of the cryostat
and the sample, we analysed the detected signal for a
frequency range much broader than the inhomogeneous
linewidth of the erbium absorption to estimate the in-
put. Outside the erbium absorption band, the measured
transmission signal shows an oscillation with a period of
46 GHz and an amplitude of ±10%. As a result, even
for the worst-case scenario, the energy of the light at
fl = 0.51 GHz (blue line in Fig. 1(d)) hitting the sample
can only be 1.5 times stronger than the orange line in
Fig. 1(d)). In addition, according to the observed period
of the transmission signal, fl = 0.51 GHz is located at
one of the minima valleys, which means that using the
yellow line as a replacement of the input is not at all
underestimated. In short, 1.5 times the yellow line is
likely an overestimation as the true input of the blue
line. Notice that the maximum of the blue line in Fig.
1(d) is 2.1 times larger than the orange line, leading to
the conclusion that transient net gain was observed.
3. Characterization of system stabilities
The stability of our detection system is listed below:
(a) Intensity stability of the laser: the root-mean-
square stability of the intensity of our laser (Adjustik
Koheras, NTK) is 0.2% in ms scale and is 2% in 10 s
scale.
(b) Frequency linewidth of laser: the laser linewidth is
documented as less than 1 kHz and was confirmed to be
less than 10 kHz using a 20 km fiber delay-line[25].
(c) Frequency drift of laser: the drift of the laser fre-
quency (without any locking scheme) is about 8 MHz in
a 30 s period.
It is noted that a strong laser input can introduce
hole burning effects to erbium ions. Due to the large
optical depth of the 1000 ppm sample, if the applied
laser first burns a spectral hole, then a laser-frequency
drift away from the hole can result in a large difference
in the transmitted intensity. Although hole burning
measurement for our 1000 ppm sample is stymied by
the instabilities, a measurement of a 10 ppm erbium
concentration sample gave out a hole width of 17 MHz
under similar experimental conditions. Because the
hole width of our 1000 ppm sample can only be wider,
for the frequency drift stated in (c), the difference
in transmission due to pre-burned hole is no worse
than 10%, which is too small to explain the observed
instabilities.
4. Applying a magnetic field to sample
The same kind of experiments were also carried out
when a magnetic field was applied to the 1000 ppm sam-
ple. The strength of the magnetic field was 123.7 mT
and was 100◦ clockwise from D1 axis in the D1D2 plane
of Y2SiO5. In such a case the absorption line at zero field
was split into four absorption peaks, two of which have
optical depth larger than five. No instabilities were ob-
served in any of the four peaks within our experimental
conditions.
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